The EMBO Journal Vol.16 No.3 pp.659-671, 1997

A small heat shock protein stably binds
heat-denatured model substrates and can maintain
a substrate in a folding-competent state
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The small heat shock proteins (SHSPs) recently have
been reported to have molecular chaperone activity
in vitro; however, the mechanism of this activity is

poorly defined. We found that HSP18.1, a dodecameric
sHSP from pea, prevented the aggregation of malate
dehydrogenase (MDH) and glyceraldehyde-3-phos-
phate dehydrogenase heated to 45°C. Under conditions
in which HSP18.1 prevented aggregation of substrates,
size-exclusion chromatography and electron micro-

scopy revealed that denatured substrates coated the

HSP18.1 dodecamers to form expanded complexes.

SDS-PAGE of isolated complexes demonstrated that
each HSP18.1 dodecamer can bind the equivalent of
12 MDH monomers, indicating that HSP18.1 has a
large capacity for non-native substrates compared with
other known molecular chaperones. Photoincorpora-
tion of the hydrophobic probe 1,1-bi(4-anilino)naph-
thalene-5,8-disulfonic acid (bis-ANS) into a conserved
C-terminal region of HSP18.1 increased reversibly with
increasing temperature, but was blocked by prior
binding of MDH, suggesting that bis-ANS incorporates
proximal to substrate binding regions and that sub-
strate—HSP18.1 interactions are hydrophobic. We also
show that heat-denatured firefly luciferase bound to
HSP18.1, in contrast to heat-aggregated luciferase, can
be reactivated in the presence of rabbit reticulocyte or
wheat germ extracts in an ATP-dependent process.
These data support a model in which sHSPs prevent
protein aggregation and facilitate substrate refolding
in conjunction with other molecular chaperones.
Keywords heat denaturation/molecular chaperone/
protein folding

Introduction

eye lens (Plesofsky-Vigt al, 1992; de Jongt al,, 1993).
Another common feature of sHSPs aanecrystallins is
their oligomeric quaternary structure: in the native state
they form complexes ranging in size from ~200 to 800 kDa
(Vierling, 1991; Arrigo and Landry, 1994). Of the several
classes of HSPs, the sHSPs have probably been the least
characterized in terms of function.

It is of interest to note that, unlike the high molecular
weight HSP90, HSP70 and HSP60 proteins, there is no
evidence that sHSPs are essential for normal cellular
function. Rather the SHSPs appear to be involved primarily
in stress responses and, therefore, may exhibit distinct
properties compared with other HSPs. In heat-stressed
plants, sHSPs are characteristically abundant and comprise
an array of proteins localized to virtually every cellular
compartment (Watemst al,, 1996). In contrast, mammalian
and yeast cells synthesize only a single sHSP which is
localized primarily to the cytosol (Arrigo and Landry,
1994).

Several studies have correlated the presence of sHSPs
with the acquisition of thermotolerance (Berger and
Woodward, 1983; Linet al., 1984; Rolletet al, 1992;
Lavoie et al, 1993; Plesofsky-Vig and Brambl, 1995).
While it is not understood mechanistically how sHSPs
contribute to the acquisition of thermotolerance, a clearer
picture is emerging from botim vivo andin vitro data.

In mammalian systems, the expression of SHSPs has been
shown to increase cellular thermoresistance concomitant
with the stabilization of cytoskeletal elements such as
actin (Lavoieet al,, 1993, 1995). Experimenis vitro have
demonstrated that mammalian sHSPsarystallins can
function as molecular chaperones by preventing thermal
aggregation of other proteins as well as enhancing their
refolding after heat or chemical denaturation (Horwitz,
1992; Jakobet al, 1993; Mercket al, 1993; Buchner,
1996). At minimum, it appears that sHSP-related proteins
selectively recognize and stabilize a variety of non-native
proteins. Unfortunately, specific information regarding the
mechanism of interaction with substrates is lacking and,
in the absence of detailed structural information, it remains
unclear what structural attributes make sHSPs suited for
their observedn vitro chaperone activity. However, based
on data on the interaction of many different proteins and
peptides with molecular chaperones such as GroEL, SecB

Since exposure to high temperature represents a seriousind HSP70 homologs (reviewed in Hlodan and Hartl,
threat to cellular viability, all organisms have developed 1994), it is likely that non-native substrates interact with
heat-induced responses that are characterized by the synsHSPs through hydrophobic interactions.

thesis of highly conserved proteins. In eukaryotes, these We have shown previously that recombinant HSP18.1,
proteins include several classes of high molecular weight a cytosolic class | sHSP frorRisum sativum(pea), is
heat shock proteins (HSPs) as well as the small heat shocka globular, 217 kDa oligomeric protein composed of
proteins (sHSPs) which range in size from 15 to 30 kDa 12 subunits (Leeet al, 1995). In vitro, HSP18.1 also
(Lindquist and Craig, 1988). Members of the sHSP family demonstrates functional properties that are consistent with
share characteristic C-terminal sequences that have alsATP-independent molecular chaperone activity (eéal.,

been conserved in tleecrystallin proteins of the vertebrate
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1995). For example, when citrate synthase (CS) is dena-
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observation that HSP18.1 protects several different model :
substrates from thermal aggregation at temperatures above 0.2 1
40°C, and show that under the conditions in which [
HSP18.1 prevents aggregation, substrates stably bind

tured at 38°C, stabilization by HSP18.1 leads to increased T MoH s iaawer
CS reactivation upon cooling to 22°C. This result implies 05 [ g +1gG ]
that CS binding to HSP18.1 at 38°C is transient, or at 04 | 1% +15 oM |
least can be reversed at lower temperatures. A similar, i H 1
reversible interaction has been observed at 37°C between 2 031 ]
mouse HSP25 and CS, in which case CS reactivation was =02 i aaaA ¥25 M
achieved by the addition of oxaloacetic acid, a substrate b 01 | aE ]
of CS (Buchner, 1996). However, at higher temperatures i - Fuem s N 88 ER 100Ny
such as 45°C, HSP18.1 can suppress the heat-induced an .,‘; ——— e Y

aggregation of CS, but cooling does not lead to CS o B: GAPDH _«* 580 nga ]
reactivation, suggesting that the interaction between CS = oo e? R
and HSP18.1 is no longer reversible. Here, we extend the E 0.3 4% 8w

ye %_,{‘_,%,—p{rq-—H +75 nM

- g gm 8 +125 nM

:

HSP18.1. In addition, we present evidence that amino 0 ey i ol AP

acid residues involved in substrate binding are located in 0 10 20 30 40 50 60

a conserved domain of HSP18.1, and that a model substrate Time (min.)

stably bound to HSP18.1 is competent for refolding in the

presence of mammalian and plant extracts. Fig. 1. HSP18.1 prevents thermal aggregation of MDH and GAPDH.

In (A), 300 nM MDH was incubated at 45°C in the absence or
R I presence of varying concentrations of HSP18.1 opginl bovine
esults 1gG (the equivalent weight of 100 nM HSP18.1) as indicated B) (

. 75 nM GAPDH was treated similarly to (A) except that IgG was
HSP18.1 prevents thermal aggregation of malate added at a concentration of 2ig/ml (the equivalent weight of

dehydrogenase and glyceraldehyde-3-phosphate 125 nM HSP18.1). Relative scattering (expressed in arbitrary units)
dehydrogenase indicative of substrate aggregation was measured as the apparent

We previously showed that HSP18.1 prevented thermal absorbance at 320 nm. Error bars represent the standard deviation
aggregation of CS at 45°C (Legt al, 1995), but were oM at least three replicate trials.
interested in investigating whether HSP18.1 could confer

similar protection to other heat-labile proteins. We chose . , N .
. " (SEC), the proteins eluted with retention times consistent
malate dehydrogenase (MDH), a homodimer, and glycer with their native molecular weights (Figure 2). However,

aldehyde-3-phosphate dehydrogenase (GAPDH), a homo- ' / .
tetramer, as model substrates because both proteins wer%’ hen the samples were first heated for various times at

susceptible to heat-induced aggregation at 45°C as 5°C (c%ndr:tlonslsmllar to thofse llon which #SPlB'Ild
measured by light scattering (Figure 1). Although both prevente tlerra_ahaggreg?nor; ofsu _str:ates) then cooled,
proteins are dehydrogenases composed of 35 kDa subunitsfor?n%g%sﬂl\jﬁg h:agatsr{ g}otﬁgueir e\r,1v§<|ago1E n?apt)i(\a/geHssgvféel
on the basis of their monomeric concentrations, twice the g healing P f fracti :

amount of MDH was required to produce aggregation and substrates (Figure 2). SDS-PAGE of fractions corres-
kinetics similar to those of GAPDH. As previously seen panding to each higher molecular weight peak confirmed

using CS as the substrate, increasing amounts of HSP18. he presence of both HSP18.1 and the substrates (see

prevented heat-induced aggregation of MDH and GAPDH, igure 6), demonstrating complex formation. Once formed,
but suppression of light scattering was not linearly related complexes were stable for weeks at room temperature and

to HSP18.1 concentration (Figure 1). However, a linear were not aff?cted by treatment with ATP 0.5 M'NaCI or
relationship was not expected due to the non-linear concen-Storage at 4 C (not s_hown). Under similar conditions, no
tration dependence of protein aggregation and the sizeNi9her molecular weight complexes were formed when
dependence of light scattering (Buchnet al, 1991). bovine IgG was substituted for HSP18.1_ (not shown).
Using 100 nM HSP18.1 dodecamer provided complete YWhen HSP18.1 was heated alone for 60 min and analyzed
protection of 300 nM MDH dimer (0.5 MDH sub- by SEC, no qhar]ge in retention time or peak area was
unit:HSP18.1 subunit) from light scattering, and 125 nM ©Pserved, indicating that HSP18.1 does not change size
HSP18.1 completely protected 75 nM GAPDH tetramer ©F become insoluble as a result of heat treatment (Figure
(0.2 GAPDH subunit:HSP18.1 subunit). Previous results 2D)- In contrast, samples of CS, MDH or GAPDH heated
showed that 75 nM HSP18.1 completely protected 75 nM alone yielded msoluk_)Ie peII(_ats after centrlfugauon (not
CS dimer (0.17 CS subunit:HSP18.1 subunit) from light shown), a result consistent with the heat-induced aggrega-
scattering under similar conditions (Leg al, 1995). In tion of these proteins in the absence of HSP18.1. SEC of
contrast, the control protein IgG added at the equivalent the corresponding supernatants demonstrated the absence

weight to volume concentration as 100 or 125 nM HSP18.1 Of higher molecular weight peaks and the substantial (or

only minimally prevented aggregation of MDH or complete for MDH) loss of soluble protein (Figure 2D).
GAPDH. Similar pelleting was observed when model substrates

were heated in the presence of bovine IgG (not shown).
HSP18.1 stably binds heat-denatured CS, MDH and Collectively, these results indicate that HSP18.1 prevents
GAPDH thermal aggregation by selectively binding non-native
When HSP18.1 was mixed with either CS, MDH or proteins forming soluble, higher molecular weight com-
GAPDH at 22°C, then analyzed by size-exclusion HPLC plexes.
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Fig. 3. Temperature dependence of complex formation. HSP18.1

5 6 7 8 9 10 11 12 (1 uM) was incubated with 1M CS (A), 2 uM MDH (B) or 1 uM
. . . GAPDH (C) for 60 min at the indicated temperatures, then analyzed
Elution Time (mm') by SEC as described in Materials and methods.

Fig. 2. Heat-denatured substrates form high molecular weight
complexes with HSP18.1. HSP18.1 M) was incubated with UM

CS (), 2 uM MDH (B) or 1 uM GAPDH (C) at 45°C for the Substrqte concentration dependence of complex
indicated times, and then analyzed by SEC as described in Materials formation

and methods. In[), 1 uM HSP18.1, 1uM CS, 2uM MDH or 1 uM When 1 M HSP18.1 dodecamer was incubated with
GAPDH was incubated alone at 45°C for 60 min then similarly increasing concentrations of substrates for 90 min at 45°C,

analyzed. Proteins were monitored by absorbance at 220 nm. The : ; :
retention times of protein molecular weight standards are shown above marked differences in complex formation were observed

and include blue dextran (2000 kDa) to indicate the void volume. for each substrate (Figure 4). Since no insoluble material

was pelleted during centrifugation of the samples prior to

SEC (not shown), presumably all of the original HSP18.1

and substrates remained soluble in either the free or
Temperature dependence of complex formation complexed form. For CS, complex formation was already
To investigate the temperature dependence of complex saturated uhith(S dimer (0.17 CS subunit:HSP18.1
formation, mixtures of HSP18.1 and the model substrates subunit) since no difference in retention time or peak area
were heated for 60 min at various temperatures up to 45°C. could be detected in the complex formed in the presence
We have notexamined highertemperatures, astemperaturesf 2 uM CS (Figure 4A).
above 45°C are lethal fd?.sativumthe plant species from In the case of MDH, the addition of up pdvkMDH
which HSP18.1 is derived. For both CS and MDH, higher dimer (0.33 MDH subunit:HSP18.1 subunit) resulted in
molecular weight complexes could be detected as shoulders the elimination of any free MDH as well as the reduction
offthe HSP18.1 peak afterincubation attemperatures as lowin, but not the complete elimination of, free HSP18.1
as 40°C (Figure 3A and B). A similar shoulder indicating (Figure 4B). However, upon the additioqungf I8IDH
complex formation with GAPDH was observed at tem- (0.5 MDH subunit:HSP18.1 subunit), essentially no free
peratures as low as 34°C (Figure 3C). In all cases, the MDH or HSP18.1 remained. With increasing amounts of
apparent size and abundance of complexes increased wittiMDH up to 3 uM, the apparent molecular weight of
increasing temperature, concomitant with the decrease in the resulting complexes also increased, suggesting that
the amount of free HSP18.1 and substrates. HSP18.1 bound progressively more MDH molecules.
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( ) HSP18.1 and CS or MDH remained soluble even after

Fig. 4. Substrate concentration dependence of complex formation. 120 min at 45°C, and no decrease in complex retention

HSP18.1 (1uM) was incubated with the indicated concentrations of time was observed (not shown).
CS (A), MDH (B) or GAPDH (C) at 45°C for 90 min, then analyzed

by SEC as described in Materials and methods. Ratio of substrate:HSP18.1 in complexes

In order to examine the substrate:HSP18.1 ratio within

Saturation of the SHSP occurred at g8l MDH because the higher molecular weight complexes, the corresponding
the addition of 4uM MDH (0.67 MDH subunit:HSP18.1 protein peaks in Figure 4 were collected from the sizing
subunit) did not change the disposition of the complex column and subjected to SDS-PAGE, Coomassie blue
from that formed in the presence ofi31 MDH, but did staining and densitometry (Figure 6). As a standard,
result in the appearance of free, soluble MDH (not shown). substrate:HSP18.1 staining intensity ratios were deter-
The appearance of 4IM free MDH suggested that while mined for equivalent weights of purified HSP18.1, CS,
the majority of MDH aggregation was prevented by MDH and GAPDH (lanes 2, 8 and 12). The equivalent
irreversible binding to the sHSP, some MDH could remain weight staining ratios were 1.35, 0.78 and 1.13 for
soluble although denatured. CS, MDH and GAPDH, respectively. In order to obtain

Incubation of 1uM GAPDH tetramer with 1uM substrate:HSP18.1 ratios on a weight to weight basis,
HSP18.1 dodecamer (0.33 GAPDH subunit:HSP18.1 sub-these values were used to normalize the staining ratios
unit) at 45°C for 90 min resulted in the formation of for proteins in isolated complexes and subsequently to
complexes that separated as an extremely broad pealderive corresponding substrate subunit:HSP18.1 subunit
(Figure 4C). In contrast, incubation of M HSP18.1 molar ratios.
with 2 uM GAPDH (0.66 GAPDH subunit:HSP18.1 The CS:HSP18.1 subunit ratio in the complex peak
subunit) resulted in the formation of a species with a very formed betwednh HSP18.1 dodecamer anduM CS
short retention time that eluted approximately with the dimer (Figure 4, 6.5-9.0 min) was 0.27 (lane 1), and is
column void volume (Figure 4C). With tM HSP18.1 likely to be the saturating value, since increasing amounts
and 2uM GAPDH, investigation of the time dependence of of CS did not increase the apparent molecular weight of
formation for the large species demonstrated its appearance complexes (Figure 4). MDH:HSP18.1 subunit ratios were
after 30 min and maximum accumulation after 90 min 0.35, 0.58 and 0.90 (Figure 6, lanes 3-5) for the isolated
(Figure 5). After 120 min, however, all protein except for peaks formed with 1, 2 guod 81DH dimers, respect-
residual GAPDH precipitated out of solution, as evidenced ively (Figure 4), demonstrating that HSP18.1 binds

by a large, insoluble pellet after centrifugation (not shown) increasingly more MDH molecules when they are avail-
and the absence of all high molecular weight species able. To determine whether the typical broadness of peaks
during SEC (Figure 5). In contrast, samples containing resulted from a population of different molecular weight
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Fig. 6. SDS—PAGE of isolated complexes. HSP18.1u[d) was incubated with various amounts of CS, MDH or GAPDH as indicated, then

separated by SEC as shown in Figure 4. HSP18.1—-substrate complexes were collected from peaks corresponding to the following minutes in

Figure 4: lane 1, 6.5-9.0; lane 3, 6.5-9.9; lane 4, 5.5-8.5; lane 5, 5.0-8.0; lane 6, 5.0-6.75; lane 7, 6.75-8.0; lane 9, 6.0-9.5; lane 10, 5.0-6.0.
Fractions were pooled from replicate runs and subjected to SDS—PAGE and Coomassie blue staining. In lane 6, (A) refers to the early eluting half of
the entire peak collected and analyzed in lane 5, while in lane 7, (B) refers to the later eluting half. In lane 11, (P) refers to the insoluble pellet
formed after 120 min. (Figure 5). In lanes 2, 8 and 12, ‘Equal Wt.’ refers to samples in whighoi HSP18.1 was mixed with gg of CS, MDH

or GAPDH, respectively. For these equal weight mixtures of HSP18.1 with CS, MDH or GAPDH, the substrate to HSP18.1 staining intensity ratios
as measured by densitometry were 1.35, 0.78 and 1.13, respectively. ‘Substrate: HSP18.1 Weight Ratio’ denotes the substrate to HSP18.1
densitometric ratio corrected by the equal weight densitometric ratio.

species as opposed to a population of conformers with a Conformation of bound MDH
single molecular weight, fractions corresponding to two Limited proteinase K digestion was used to determine the
halves of the peak formed from81 MDH were collected global conformation of free or HSP18.1-bound MDH.
and analyzed. Indeed, the HSP18.1:MDH subunit ratio in MDH proved ideal for these studies because conditions
the early eluting half was 0.96 (lane 6), while that in the could be achieved in which MDH remained entirely in
later eluting half was 0.67 (lane 7). This result demonstrates either the free or complexed form. Since incubation of
that peaks contain complexes with varying numbers of M MDH dimer with 1 uM HSP18.1 dodecamer for
bound substrate molecules. 90 min at 45°C led to quantitative complex formation
Analysis of the broad complex formed betweem¥ (Figure 4B), pure complexes could be obtained without
HSP18.1 dodecamer anduM GAPDH tetramer (Figure  chromatographic isolation. When81 MDH was incub-
5) revealed a GAPDH:HSP18.1 subunit ratio of 0.30 ated wiffMLHSP18.1 for 90 min at 22°C [conditions
(Figure 6, lane 9), while the ratio for the species eluting under which MDH remains free (Figure 3B)], then sub-
near the void volume—formed with 22M GAPDH jected to proteinase K digestion for 10 min on ice,
(Figure 5)—was 0.50 (Figure 6, lane 10). Interestingly, essentially all of the MDH remained resistant up to
the insoluble pellet formed after 120 min in the presence [@onl proteinase K (Figure 8). However, when the
of 2 uM GAPDH had a ratio of 0.59 (lane 11), slightly samples were first heated to 45°C [conditions under which
higher than that of the species eluting near the void essentially all of the MDH is irreversibly bound to HSP18.1
volume. This finding suggests that the species eluting near(Figure 4B)], MDH was hypersensitive to even the lowest

the void volume is the precursor of the insoluble species. proteinase K concentrations (Figure 8). These data are
consistent with MDH being bound to HSP18.1 in an

Electron microscopy (EM) of HSP18.1 and its MDH unfolded conformation.

complexes

Negative stain EM shows HSP18.1 alone, after heating Temperature-dependent bis-ANS labeling of

for 90 min at 45°C and then staining at room temperature, HSP18.1

as 8-10 nm diameter particles with layered or angular The fluorescent prdbiei(4;-anilino)naphthalene-5,5
features (Figure 7A). Similarly sized particles have been disulfonic acid (bis-ANS) has been used extensively to
observed previously in the absence of heat treatment demonstrate the presence of hydrophobic sites on the
(Lee et al, 1995), and are consistent with an unaltered surfaces of proteins. In a recent study, bis-ANS was shown

12 subunit oligomeric structure. After heating in the to incorporate covalently into the hydrophobic apical
presence of MDH (0.17, 0.34, 0.5 or 1 MDH sub- domain of the molecular chaperone GroEL when exposed
unit:HSP18.1 subunit), complexes increased greatly in to UV light (Setadk, 1995). Using a similar approach,

size, giving a spread of particle diameters between 12 andwe investigated whether HSP18.1 could be labeled with

40 nm (Figure 7B). There was no marked difference bis-ANS and, in particular, whether bis-ANS incorporation
between the size ranges observed for the differentinto HSP18.1 could be increased by incubation at tempera-
MDH:HSP18.1 subunit ratios, although more of the very tures that favor its stable complex formation with heat-
large particles were observed with a 1:1 subunit ratio. denatured substrates. Indeed, when HSP18.1 was incubated
Similar complexes were observed if the sample and at various temperatures and labeled with bis-ANS,
negative stain were applied to the grids at 45°C. However, incorporation increased with increasing temperature of
the amount of cooling during the 30 s to 1 min taken to incubation (Figure 9A). While labeling of HSP18.1 was
do the staining was not measured. only minor at 0°C (Figure 9A, lane 1), moderate labeling
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40 nm

Fig. 7. Negative stain EM image ofA) HSP18.1 dodecamers an)(HSP18.1 complexed with unfolded MDH (subunit ratio 0.5 MDH: HSP18.1).

The HSP18.1 dodecamers appear as small particles ~8—10 nm in diameter and are seen in a variety of view directions. The complexes with MDH
(B) are much larger and less regularly shaped. They range in size from 12 to 40 nm. The white arrow shows a smaller paxtilenm1@hich

is consistent with a single dodecamer coated with MDH subunits. A frequently found sizeX2816n. The black arrow shows an example of two
particles (each slightly smaller than X80 nm) joined together at a seam. The vertical alignment of the particles is caused by the preparation
method (see Materials and methods).

22°C 45°C
0 5 15 25 50 100 O 5 15 25 50 100 pg/ml
o GO G G P WS s np v v e «—NDH

T ewmWWrs -—HSP18.1

Fig. 8. Bound MDH is proteinase K hypersensitive. HSP18.1ufd) was incubated with 3iM MDH for 90 min at 22 or 45°C as indicated.
Aliquots were subjected to 10 min digestion on ice with the indicated concentrations of proteinase K, then analyzed by SDS—PAGE and Coomassie
blue staining.

was observed at 22°C (lane 5). At 38°C or higher, MDH dimer or an equivalent weight of IgG (Figure 9A,
substantial HSP18.1 fluorescence was apparent (lanes 1(anes 2 and 3, and lanes 7 and 8). In contrast, at 38°C, some
and 14). To verify that increased bis-ANS incorporation protection from bis-ANS incorporation could be seen (lanes
was not caused simply by temperature-dependent increase41 and 12). Although stable binding of MDH to HSP18.1

in bis-ANS labeling efficiency, IgG was mixed with was not detected below 40°C by SEC (Figure 2), substantial
HSP18.1. At all temperatures evaluated, the heavy chainbis-ANS labeling of MDH at 38°C suggested that, at this

of 1IgG was labeled at a relatively low, but uniform level temperature, MDH was partially unfolded and may have
(lanes 2, 7, 11 and 15). To test whether the temperature-bound HSP18.1 reversibly, thereby limiting bis-ANS bind-
dependent increase in HSP18.1 labeling was reversible, ing. At 45°C in the presene®l diIBH, SEC demon-

HSP18.1 was first heated for 90 min at 45°C, then cooled strated that uM HSP18.1 is saturated with bound MDH
for 30 min at 22°C. Subsequent bis-ANS labeling of the (Figure 3). At this temperature and MDH:sHSP ratio, bis-
SHSP at 22°C yielded fluorescence identical to that of a ANS incorporation into the sHSP was almost completely

sample that had been incubated and labeled solely at 22°C blocked, in contrast to a sample in which an equivalent
(lanes 5 and 6). Taken together, these results suggestveight of IgG was substituted for MDH (compare lanes 15
that HSP18.1 undergoes reversible, temperature-dependent and 16). Coomassie blue staining indicated the presence of

conformational changes that alter surface hydrophobicity. equal amounts of HSP18.1, demonstrating that the decrease

in HSP18.1 fluorescence in the presence of MDH was not
Bound MDH prevents bis-ANS labeling of HSP18.1 due to aggregation and loss of the sHSP (Figure 9B, lanes
To determine whether the site of bis-ANS incorporation 15 and 16). Furthermore, similar levels of protection were
into HSP18.1 is in proximity to the binding sites for heat- also observed when the concentration of bis-ANS was
denatured substrates, we tested whether binding of heat- increasequitd AB@icating that saturating levels of bis-
denatured MDH to the sHSP blocked subsequent bis-ANS ANS were present at 100M (not shown). These results
labeling. At0or 22°C, essentially no differencesin HSP18.1 suggest that bis-ANS photoincorporation into HSP18.1
labeling were observed whenpyM HSP18.1 dodecamer  occurs at or near regions involved in MDH binding.
was incubated and labeled in the presence of eithevi3 At 45°C in the presence of HSP18.1, all of the MDH
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Fig. 9. Bis-ANS labeling. Samples containingy® HSP18.1, 3uM MDH or 0.22 mg/ml 1gG as indicated were incubated for 90 min at the
temperatures shown. Samples were irradiated for 20 min with UV light in the presence pMLBB-ANS at the given temperatures, separated by
SDS-PAGE then visualized on a UV transilluminatéy) ©r by Coomassie blue stainin8). In lane 6, (45) indicates a sample which was first
incubated at 45°C for 90 min, then cooled for 30 min at 22°C prior to bis-ANS labeling at 22°C. In lane 18, (P) indicates the pellet fraction formed
in the sample. The smearing of the HSP18.1 bands is due to the presence of buffer salts in excess of 100 mM and not proteolysis (G.J.Lee,
unpublished observation).

remained in solution and substantial MDH labeling was sHSPs (Figure 10B) (Waters, 1995). Peptide A probably
evident, consistent with the observation that MDH is extends six more residues to the putative Arg cleavage

bound to HSP18.1 in the unfolded state (Figure 8). As site at position 84, and would, therefore, encompass
expected, nearly all of the MDH heated in the presence the sequence ADLPGLKKEEVKVEVEDDR. Partial
of IgG instead of HSP18.1 was found in the insoluble, sequencing of peptides B and C indicated that the peptides

pellet fraction, but was highly labeled as well (Figure 9A, contain redundant sequences that localize to the extreme
lane 18). In all MDH-containing samples incubated at 38 N-terminus of HSP18.1 (Figure 10). The separation of
or 45°C, several fluorescent, high molecular weight bands peptides B and C into two similarly eluting, yet distinct
were also apparent. Two lines of evidence argue that these peaks suggest that they represent products of alternative
high molecular weight species represent MDH molecules Arg-C cleavage corresponding to the sequences
cross-linked by the bifunctional molecule bis-ANS: (i) the MSLIPSFFSGRR or MSLIPSFFSGR.
bands in question formed at the expense of stainable Interestingly, reverse phase HPLC did not yield bis-
MDH; and (ii) similar high molecular weight species were ANS-labeled peptides originating from consensus region |
abundant in the insoluble MDH pellet formed at 45°C nearthe C-terminus of the sHSP (Waters, 1995). Consensus
(Figure 9A, lane 18). region | contains the hydrophobic sequence GVLTVTV

of which the GVL maotif is essentially invariant among
Localization of incorporated bis-ANS plant sHSPs (Waters, 1995) (Figure 10B). To verify
In order to identify the sites of bis-ANS incorporation this result, bis-ANS-labeled HSP18.1 was subjected to
into HSP18.1, the sHSP was modified with bis-ANS at cyanogen bromide cleavage since the only Met residues
45°C, and cleaved with endoproteinase Arg-C which in HSP18.1 are within consensus region | (Figure 10B).
hydrolyzes peptide bonds on the carboxyl side of Arg When the cleavage products were separated by SDS—
residues and, to a lesser extent, Lys residues. Fluorescence PAGE on a high resolution peptide gel (Schagger and von
measurements of the resulting peptides purified by reverseJagow, 1987), then visualized on a UV transilluminator,
phase HPLC demonstrated that three peptides, designated no fluorescent, low molecular weight bands were detected,
A, B and C, were significantly labeled with bis-ANS despite the presence of a fluorescent, high molecular
(Figure 10A). Partial Edman degradation of peptide A weight fragment predicted to comprise residues 1-113
revealed the sequence ADLPGLKKEEVKY, which local- (not shown). This finding confirms that bis-ANS modifica-
izes to the highly conserved consensus Il region of plant tion does not occur in consensus region |.
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Fig. 10. Separation and identification of bis-ANS-labeled peptides. In
(A), HSP18.1 was labeled with bis-ANS and digested with
endoproteinase Arg-C as described in Materials and methods. The
upper panel shows the peptide region of the reverse phase HPLC
separation of digestion products, while the lower panel shows the 101 o—O0— ¢ —Q -
relative fluorescence of isolated peaks. The partial amino-terminal + g
sequences for the bis-ANS-labeled peptides corresponding to peaks A, ol ? E ]
B and C are shown. InB), the identified sequences (bold) are shown

in the context of the entire HSP18.1 sequence. Boxed regions indicate
consensus regions |l (residues 67-95) and | (residues 113-141) which Y 20 40 60 80 100 120
are highly conserved in all plant SHSPs (Waters, 1995). Time (min)

% Luciferase Activity

20 1

Heat-denatured firefly luciferase bound to HSP18.1 Fig. 11. Heat-denatured luciferase binds to HSP18.1 and is competent

; : ; : for refolding. In @A), 1 uM firefly luciferase was incubated with gM
is competent for refolding by rabbit reticulocyte HSP18.1 for 15 min at 22 or 42°C, and analyzed by SEC as described
lysate and wheat germ extract

in Materials and methods. IBj, the following samples were diluted
We wanted to test whether a heat-denatured substraténo rabbit reticulocyte lysate (RRL) or wheat germ extract (WGE)

bound to HSP18.1 could be refolded in conjunction with supplemented with ATP and measured for luciferase enzymatic

other cellular components. To investigate this possibility, g%it/i%)ugrh\e,?éeg (f<">i)>_<fﬁg tféfdlUrﬁiizg[fri:eoﬁlnudci':efgsleBQnépar; Qi 8221°C) in

we used flrefly luciferase, a 61 kD".’l monomeric protein, part A, 42°C) in RRL’ ®) or WGE (©); heated mixture of luciferase

as a model substrate because of its absence from mMoshng povine IgG in either RRL or WGET); and heated mixture of

cellular extracts and its highly sensitive activity assay luciferase and HSP18.1 (part A, 42°C) in either RRL or WGE lacking

relative to those for CS, MDH and GAPDH. Previous ATP (A). (W), heated mixture of luciferase and HSP18.1 (part A,

studies have shown that firefly luciferase is a heat-labile ‘é2°c)b'” buffer S“pp'er?‘e”ted d""'g‘ ATP ]?“t 'a‘;]k'”g RRl.L or W?FT&.

protein that aggregates rapldly at 42°C (SChrCﬂeal., r;;(é;ﬂ)ﬁ;S represent the standard error from three rep icate refo Ing

1993). Consistent with this finding, wheruM luciferase

was heated at 42°C alone or in the presence of 0.2 mg/ml

bovine IgG, all of the luciferase formed insoluble aggreg- bound to HSP18.1 in an inactive conformation. Over time

ates after 15 min (not shown). However, under similar at 30°C, however, luciferase refolding occurred in a

conditions in the presence of M HSP18.1 dodecamer, process that was strictly ATP dependent (Figure 11B).

luciferase remained soluble but was bound almost exclus- Relative to the initial luciferase activity present in an

ively to the HSP in high molecular weight complexes as unheated mixture of luciferase and HSP18.1, luciferase

determined by SEC (Figure 11A). As observed for other reactivation from the pre-formed complexes reached nearly

model substrates, at 22°C no interaction between native 40% after 2 h, whereas no reactivation occurred if either

luciferase and HSP18.1 was observed (Figure 11A). ATP or RRL was omitted from the refolding reaction. In
When pre-formed luciferase—-HSP18.1 complexes were samples lacking RRL but containing identical buffer

added to rabbit reticulocyte lysate (RRL), which is a rich components and ATP, SEC revealed that luciferase—

source of various molecular chaperones (Frydragall,, HSP18.1 complexes formed auM luciferase and UM

1994), little or no luciferase activity was present immedi- HSP18.1 were completely stable after 2 h at 30°C (not

ately after its addition, demonstrating that luciferase was shown). However, the stability of the complexes could
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not be determined at the lower concentrations used in the single substrate molecule, HSP18.1 appears to have an
refolding reactions. The folding competency of luciferase extremely large substrate binding capacity. Interestingly,
bound to HSP18.1 was underscored by the finding that both SEC and EM demonstrated that a proportion of the
luciferase aggregated by pre-heating in the absence ofpopulation of HSP18.1 dodecamers could be saturated
HSP18.1 remained inactive after addition to reticulocyte with the equivalent of 12 MDH monomers even when the
lysate and ATP. concentration of SHSP subunits exceeded the concentration

To verify that luciferase bound to HSP18.1 was capable of MDH monomers in the binding reaction. This finding
of refolding, SEC was used to isolate either bound implies that substrate binding is cooperative. For heat-
luciferase (8.5-9.5 min, Figure 11A, 42°C), free luciferase denatured CS, the estimated amount of protein bound to
(10.5-11.5 min, Figure 11A, 42°C) or unheated, native HSP18.1 is lower than that for MDH; the equivalent of
luciferase (10.5-11.5 min, Figure 11A, 22°C), and then up to 0.25 CS subunits may be bound per HSP18.1
these fractions were added to ATP-supplemented RRL.subunit. By comparison, HSP16.3, a prokaryotic sHSP
Relative to the initial luciferase activity in the native fronMycobacterium tuberculosishas been shown
fraction, luciferase activity in the bound fraction increased recently to bind heat-denatured CS in a ratio of approxim-
from 0 to 19%, and from 2 to 5% in the free fraction ately one CS subunit per HSP16.3 subunit. These differ-

after 2 h (not shown). ences in CS binding capacity may arise from fundamental
Similar to luciferase refolding observed in RRL, refold- structural differences between HSP18.1 and HSP16.3.
ing also occurred when pre-formed luciferase-HSP18.1 HSP16.3 has been proposed to exist as a trimer of trimers,
complexes were added to wheat germ extract (WGE). giving rise to an oligomer with 3-fold symmetry (Chang
After 80 min at 30°C in the plant extract, luciferase et al, 1996). Images of the HSP18.1 dodecamers do not
reactivation reached a maximum of 10% of the initial, reveal an obvious subunit packing symmetry.

native luciferase activity (Figure 11B). As observed in  The unusually large GAPDH-HSP18.1 complex which
RRL, no luciferase reactivation occurred in WGE if ATP forms in the presence @M1HSP18.1 and 2uM

was omitted, or if luciferase had been aggregated in the GAPDH is intriguing because of its apparent size, and the
absence of HSP18.1 prior to its addition into WGE (Figure higher concentrations of substrate required to drive its
11B). Although it is not clear why luciferase reactivation formation. While the structure of this large complex is

was higher in RRL than in WGE, these results suggest that unknown, SDS—PAGE shows that this species contains six
conserved components within both plant and mammalian GAPDH monomers per HSP18.1 dodecamer. Formation of
systems recognize and assist in the refolding of luciferase this complex at the expense of smaller GAPDH-HSP18.1
bound to HSP18.1. complexes and its unusually large apparent molecular
weight suggest that several GAPDH-HSP18.1 complexes

are associated with one another. Such a large size and/or
increasing hydrophobicity may explain its transition to the

This work demonstrates thain vitro, like many other insoluble fraction after>90 min at 45°C. The insolubility

Discussion

molecular chaperones, HSP18.1 selectively binds non- of large GAPDH-HSP18.1 complexes is particularly
native proteins. Complex formation between various heat- interesting in light of the observed heat-induced parti-
denatured proteins and HSP18.1 suggests that stable bind- tioning of soluble, cytoplasmic sHSPs into insoluble and/
ing of substrates is the functional basis by which sHSPs or structure-bound forms called ‘heat shock granules’
prevent thermal aggregation of other proteins. As demon- (Netvar, 1983). The heat-induced transition of soluble
strated for CS, MDH and GAPDH, the temperature sHSPs into large, rapidly sedimenting complexes appears
dependence of substrate binding is unique for a given to be a property common to all SHSPs, including those in
protein and is probably largely determined by a protein’s plants, Drosophila and vertebrates (reviewed in Nover,
susceptibility to heat denaturation, the exposure of struc- 1991). While the composition of heat shock granules has
tural elements recognized by HSP18.1, as well as stericnot been well defined, work by Nover and colleagues
considerations. In the case of the model substrate GAPDH, indicates that heat shock granules exceed 1 MDa in size
stable complexes with HSP18.1 were formed at tempera- and contain other proteins as well as mMRNA (Nostal,,
tures as low as 34°C, which approaches the minimum 1983, 1989).
induction temperature of 30°C for HSP18.1 in pea plants The sHSP-relatedi-crystallins of the vertebrate eye
(DeRochetret al,, 1991). Thus, the formation of analogous lens also form stable compliexestro with heat-
complexes may be predicted to océarvivo. denatured proteins such as carbonic anhydrase ¢Ralg

For the three model substrates CS, MDH and GAPDH, 1993), rhodaneseetCas 1996) andy-, (3.- or By-

HSP18.1 appears to have the largest binding capacity forcrystallin (Wang and Spector, 1994; Rametnal., 1995;
heat-denatured MDH. The MDH:HSP18.1 subunit ratios Basal, 1996). In the case of rhodanese bound to
determined for isolated MDH-HSP18.1 complexes a-crystallin, tryptophan fluorescence suggests that rhod-
revealed that each HSP18.1 subunit can bind up to one anese is non-native, but considerably more native in
MDH monomer. This finding suggests that each HSP18.1 conformation than when bound to GroEL (Das$ al,
dodecamer can bind up to the equivalent of twelve 35 kDa 1996). Similarly to HSP18.1 heated in the presence of
MDH monomers. However, each substrate polypeptide MDH, it has been estimated thatcrystallin may bind

could potentially contact multiple HSP subunits, and it the equivalent ofyere (3, -crystallin pera-crystallin
remains to be determined whether MDH is bound in the subunit (Wang and Spector, 1994). In these studies,
monomeric or dimeric form. In comparison with the however, complex formation required much higher

chaperones GroEL (reviewed in Hlodan and Hartl, 1994) temperatures ranging from 58 to 65°C. Like HSP18.1
and HSP70 (Pallerost al, 1991) which interact with a heated in the presence of excess GAPDH, insoluble
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complexes formedh vitro betweena-crystallin andy- or mediate hydrophobic interactions with denatured sub-
B.-crystallin when the concentration of soluble, denatured strates, while the intervening charged residues may serve
y or B, subunits exceeded that of tle subunits (Wang to space these residues optimally and aid in hydration of
and Spector, 1994). the region. Multiple sequence alignments show that similar,

The proteinase K susceptibility experiments suggest hydrophobic residues are also present in sHSPs and
that heat-denatured MDH is bound to the outside of a-crystallins ranging fromMycobacteriumto mammals
HSP18.1 dodecamers. From EM, the MDH-HSP18.1 (Plesofskedad, 1992; de Jonet al, 1993). Aliphatic
complexes in the smaller size range X4 nm) are residues appear to be well suited for interaction with non-
consistent with the HSP18.1 dodecamers coated with native substrates since, in GroEL, several Val and Leu
heat-denatured MDH. However, the commonest particle residues have been implicated in substrate binding (Fenton
dimensions are 1620 nm. In these cases, 2—4 coated et al, 1994). Although relatively hydrophobic in composi-
dodecamers (depending on the third dimension of thesetion, the extreme N-terminal sequence of HSP18.1 is not
larger particles, which is not observed) are likely to be highly conserved; similar sequences are found in most,
cross-linked by MDH. Still larger particles appear to be but not all, class | SHSPs (Waters, 1995). From this limited
joined-up pairs of sub-particles (Figure 7B). Since EM sequence conservation, it is not clear whether residues in
images show the same appearances and size distributionshis region are actively involved in substrate binding as
of the particles after high temperature staining, it is suggested by bis-ANS labeling. Of particular interest was
very unlikely that significant rearrangement of HSP18.1 the finding that bis-ANS did not label consensus region |
subunits occurs during heat-induced MDH-HSP18.1 com- despite the presence of the hydrophobic sequence
plex formation. GVLTVTV. Although the GVLTV maotif is highly con-

Strong, hydrophobic interactions between denatured served in diverse sHS&@srysthllins (Plesofsky-Vig
proteins and HSP18.1 are the likely basis for the stable et al, 1992; de Jonget al, 1993), exclusion from bis-
binding of substrates to HSP18.1. The substantial increase ANS labeling suggests that this region may be solvent
in bis-ANS labeling of HSP18.1 at temperatures above inaccessible and could play a role in the oligomerization of
22°C suggests that HSP18.1 surface hydrophobicity subunits, a property common to all SsHSP-related proteins.
increases at temperatures that also promote substrate Using a partially purified soybean sHSP mixed with

denaturation. Recent studies have shown thatystallin total soybean cell extracts, Lin and colleagues (Jinn
binds increasing amounts of the hydrophobic dyes et al, 1995) recently have demonstrated the presence
8-anilino-1-napthalene sulfonate (ANS) (Raman al, of immunodetectable sHSPs in higher molecular weight

1995) and bis-ANS (Das and Surewicz, 1995) at tempera- species. The apparent molecular weight increase of the
tures above 30°C, suggesting thatcrystallin also SHSPs occurred at temperaturedy°C, suggesting that
undergoes a temperature-dependent structural change thaHSPs formed complexes with heat-denatured proteins.
increases surface hydrophobicity and, potentially, substrate Based on this result and those presented here, it is likely
binding. We propose a mechanism in which increased that similar sHSP—substrate complexes are formeadvo
temperature causes conformational changes in both the under physiologically relevant heat stress conditions.
substrate and sHSP that result in increased surface hydro- The ATP-dependent ability of plant and mammalian
phobicity, ultimately leading to hydrophobic interactions. extracts to reactivate luciferase bound to HSP18.1 suggests
Temperature-dependent structural changes in HSP18.1that other molecular chaperones within these extracts
most likely prevent premature exposure of hydrophobic recognize luciferase—HSP18.1 complexes and actively par-
binding sites on the sHSP. Such a mechanism may ticipate in substrate refolding. Since luciferase aggregates
circumvent non-productive interactions with native pro- were unable to refold in the presence of the extracts,
teins at lower temperatures. Since HSP18.1 heated aloneHSP18.1 appears to play a critical role in maintaining the
does not aggregate, the hydrophobic sites may reside substrate in a folding-competent state. sHSPs may function
within clefts that prevent HSP18.1 self-association. Other as a reservoir that maintains heat-denatured proteins in a
molecular chaperones have also developed mechanisms form from which they can later refold in conjunction with
to prevent non-productive hydrophobic interactions. In the other chaperones. Therefore, the division of labor in the
case of the chaperonin GroEL, the hydrophobic binding heat shock response could be between sHSPs which
sites for denatured substrates are localized to the apicalprevent rapid protein aggregation through initial binding
regions of a central cavity (Braigt al., 1994). For the events, and other molecular chaperones whose primary
bacterial chaperone SecB, hydrophobic binding sites arefunction is protein refolding. Since refolding of heat-
only exposed after an initial interaction between the denatured proteins may be extremely slow or impossible
chaperone and flexible regions of the non-native substrateat elevated temperatures, sHSPs may provide a store of
(Randall, 1992). The lack of substantial HSP18.1 surface denatured proteins that can be reactivated upon return to
hydrophobicity at normal temperatures is consistent with more permissive temperatures.
the observation that HSP18.1 interacts reversibly with It remains to be determined what components within
chemically denatured substrates at 25°C (eeal., 1995). RRL and WGE participate in luciferase refolding when
Bis-ANS incorporation within consensus region Il of bound to HSP18.1. RRL (Frydehah, 1994; Frydman
HSP18.1, in conjunction with substrate protection experi- and Hartl, 1996) and WGE (Kolbt al, 1994) have been
ments, suggests that consensus Il is critical for substrate shown to possess all the necessary chaperone machinery
binding. In HSP18.1 and other plant SHSPs, consensus llto fold firefly luciferase from nascent polypeptides and
contains several highly conserved aliphatic residues with from the chemically denatured state. In RRL, HSP40,
the specific spacing E/D-V/I-K/IR-V/I-X-V/I-E-X%V/L/I- HSP70 (HSC70), HSP90 and TRIiC have thus far been
L/V (Waters, 1995). Such hydrophobic residues may implicated in luciferase folding (Fryémah 1994,
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Schumacheet al, 1994; Frydman and Hartl, 1996). Given blue staining. Protein bands were quantitated with a Molecular Dynamics
the conservation of these chaperones and sHSPs in bottfPti-Quant densitometer.
plant and animal systems (reviewed in Bostenal, Electron microscopy

1997), it is likely that homologous chaperone systems act HsP18.1 (1uM) in 25 mM sodium phosphate, pH 7.5 was heated alone
upon luciferase-HSP18.1 complexes in WGE and RRL. or in the presence of 1-3 orj@ MDH at 45°C for 90 min, and then
An additional fate of sHSP-bound substraiasvivo cooled on ice and centrifuged at 12 0@®or 15 min. The supernatants

. . p . . were negatively stained in 2% uranyl acetate on perforated carbon
could potentlally involve proteolytlc turnover, in which suppport films and imaged at 40 00Gn a JEOL 1200 EX transmission

case prevention of aggregation and maintenance of sub-gm operated at 80 kv, at a defocus of 400 nm. The MDH complexes
strates in an unfolded conformation could facilitate their were diluted four times. Images were recorded under low electron dose
proteolytic processing. Biochemical and genetic data sug- conditions on regions of stain left in the holes in the carbon film.

gest that other molecular Chaperones—including the Although this method can result in some alignment or geometrical

. . . distortion due to strain in the unsupported stain layer during drying, it
HSP70 and TRIiC systems in the eukaryotic cytosol gives better contrast, which is useful for small structures. Estimated

(Frydman and Hartl, 1996) and the DnaK and GroE nparticle sizes were based on measurements of ~60 particles each from

systems inEscherichia coli (reviewed in Parsell and equivalent areas of complexes made with 1:1 and 1:2 (MDH:HSP18.1)

Lindquist, 1993)—are also involved in the turnover of subunitratios.

abnormal proteins. Regardless of the sub_sequent fate_(s)PmteinaseKsuscepﬁbih.ty experiments

of substrates bound to sHSPs, the large binding capacityyspig.1 (1uM) was mixed with 3uM MDH in 50 mM sodium

of HSP18.1 suggests that sHSPs serve as an efficieniphosphate, pH 7.5, then incubated for 90 min at either 22 or 45°C. After

initial rescue component within heat-stressed cells. samples were centrifuged for 15 min at 16 25045 ul aliquots were
supplemented with varying amounts of proteinase K and allowed to
incubate on ice for 10 min. Reactions were terminated with 5 mM

Materials and methods phenylmethylsulfonyl flouride, then separated by SDS—PAGE on 12.5%
acrylamide gels followed by Coomassie blue staining.

Materials Bis-ANS labeling

Pig heart CS, pig muscle GAPDH, bovine IgG, proteinase K, endoprotein- >~ -

ase Arg-C, HEPES and Tris were obtained from Sigma. Pig muscle Aliquots of 150ul containing 1uM HSP18.1 only, JuM HSP18.1 plus
mitochondrial MDH was obtained from Boehringer Mannheim, and 3“.MhMDII'|’ 1um HSP18.; plus]f).ZZkAm'allgnl_I'bovme Ig’\(;’l (Kggﬁqu:valent
firefly luciferase, RRL and WGE were obtained from Promega Corp. Weightvolume concentration of § 1) or 3 plus
Bis-ANS was obtained from Molecular Probes. Recombinant HSP18.1 ©0-22 mg/ml bovine 1gG (the equivalent weight:volume concentration of

was expressed iE.coli cells and purified as previously described (Lee MM HSP18.1) in 50 mM phosphate, pH 7.5, were placed in the wells
et al, 1995). of a 96-well, polystyrene microtiter plate. The wells were covered with

parafilm and incubated for 90 min on ice or on heating blocks set at 22,
38 or 45°C. Bis-ANS (10QuM) was added to the samples and the wells
were covered with plastic wrap. With continued incubation at the given
temperatures, samples were irradiated for 20 min with 254 nm light
supplied by a UV light source (Ultra-violet Products Mineralight, 115V,
60 Hz, 0.16 A) placed 2 cm from the top of the samples. To investigate
the effects of heating and cooling on HSP18.yM HSP18.1 was first
' heated for 90 min at 45°C, then incubated in a 22°C water bath for
30 min prior to bis-ANS labeling at 22°C. Following bis-ANS labeling,
. . samples were transfered to microfuge tubes, centrifuged for 15 min at
Thermal aggregation experiments . ) . 16 2509, and SDS sample buffer was added to the supernatants. The
MDH (300 nM) or GAPDH (75 nM) were incubated with varying  peliet fraction resulting from the sample containing MDH plus 1gG
amounts of HSP18.1 in 50 mM sodium phosphate, pH 7.5 (total volume, incypated at 45°C was resuspended in SDS sample buffer and brought
1 ml) in covered quartz cuvettes at 25°C. Where indicated, bovine 19G 5 5 yolume equal to that of the soluble samples. Samples were heated
was added as a negative control at the stated concentrations. Samplegqr 5 min at 100°C, then subjected to SDS—PAGE on a 12.5% acrylamide

were incubated in a water bath at 45°C and then monitored for light ge| Flyorescent bands were photographed on a 340 nm transilluminator,
scattering in a spectrophotometer set at 320 nm as describee{(labe and the gel was later stained with Coomassie blue.

1995). For 300 nM MDH and 75 nM GAPDH alone, absorbance units

Protein determination
Protein concentrations were determined with the Bio-Rad protein assay
using bovine serum albumin (BSA) as the standard. In the text and
figures, the concentration of HSP18.1 refers to the 217 kDa complex
composed of 12 subunits, and the concentrations of CS, MDH, GAPDH
and luciferase refer to the 100 kDa homodimer, 70 kDa homodimer,
140 kDa homotetramer and 61 kDa monomer, respectively.

were 0.052 and 0.050, respectively after 60 min at 45°C. Identification of bis-ANS-labeled peptides

. HSP18.1 (5uM) was labeled with 25@M bis-ANS at 45°C as described
Formation of HSP18.1-substrate complexes above, and dialyzed at 4°C against 1000 volumes of 100 mM Tris-HCI,
HSP18.1 (1uM) was mixed with varying amounts of CS, MDH or  pH 8.5 (at 22°C). Approximately 20Qg of labeled HSP18.1 was
GAPDH in 50 mM sodium phosphate, pH 7.5 (2Q0 total) in supplemented with 0.15% SDS, heated at 80°C for 5 min, cooled to

1.6 ml microfuge tubes. For luciferase-HSP18.1 mixtures, proteins were room temperature, then digested witlu§ of endoproteinase Arg-C for
combined in 0.65 ml tubes (10 total) which were pre-treated with 8 h at 37°C. Peptides were separated by reverse phase HPLC on a Rainin
1 mg/ml BSA and washed with . After incubating the samples for  Microsorb-MV Cyg column equilibrated with 0.065% trifluoroacetic acid
vari_ous times at different temperatures, samples were cooled briefly (TFA) in H,O. Elution was carried out with a linear gradient of 0%
on ice. acetonitrile/0.065% TFA in b to 40% acetonitrile/0.058% TFA/60%
H,0O at 0.5 ml/min over 90 min. Peak fractions were collected manually.

Analysis of HSP18.1-substrate complexes Bis-ANS-labeled peptides were identified by fluorescence on a Perkin-
After complexes were formed as described above, samples were centri- Elmer LS-5B luminescence spectrometer set with excitation and emisson
fuged at 4°C for 15 min at 16 25§) and supernatants were supplemented wavelengths of 397 and 496 nm, respectively (Sesfleal, 1995).
with 200 mM NaCl. Samples were then analyzed by SEC using a Amino-terminal sequences of bis-ANS-labeled peptides were determined
TosoHaas TSK G4000 Sy column with a mobile phase consisting of by Edman degradation on an Applied Biosystems 447A sequenator.
100 mM sodium phosphate (50 mM for luciferase—HSP18.1 mixtures),
200 mM NaCl, pH 7.3, running at 1.0 ml/min at 22°C. Proteins were Luciferase reactivation experiments
detected by absorbance at 220 nm. Luciferase (1pM) was incubated with JuM HSP18.1 or 0.21 mg/ml

For the analysis of component proteins within high molecular weight bovine IgG in 50 mM sodium phosphate, pH 71bt¢18I) at 22 or
complexes, the corresponding peak fractions were pooled from 8-12 42°C for 15 min, then cooled to room temperature. To prevent luciferase
replicate runs, dialyzed against water, and then lyophilized. Samples adsorption to walls, tubes were first treated with 1 mg/ml BSA for
were resuspended with SDS sample buffer (Laemmli, 1970), separated15 min then washed with 0. Luciferase was diluted to 25 nM into
by SDS—PAGE on 12.5% acrylamide gels and visualized by Coomassie solutions pre-incubated for 5 min at 30°C contaihioig RRL,
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25 mM HEPES (pH 7.5), 5 mM MgGJ 10 mM KCI, 2 mM dithiothreitol
(DTT) and 2 mM ATP (50ul total), or 30 ul WGE, 25 mM HEPES
(pH 7.5), 2.5 mM MgC}, 2.5 mM Mg(CHCO,),, 64 mM KCH;CO,,
6 mM DTT, 1.4 mM ATP, 12 mM creatine phosphate and |6§/ml
creatine phosphokinase (p0total). For reactions in WGE lacking ATP,

samples were supplemented with 0.5 U of potato apyrase; for reactions

in RRL lacking ATP, samples were supplemented with apyrase and ATP

Horwitz,J. (1992§-Crystallin can function as a molecular chaperone.
Proc. Natl Acad. Sci. US89, 10449-10453.

Jakob,U., Gaestel,M., Engel,K. and Buchner,J. (1993) Small heat shock

proteins are molecular chaperoné@sBiol. Chem.268 1517-1520.

Jinn,T.-L., Chen,Y.-M. and Lin,C.-Y. (1995) Characterization and

physiological function of class | low-molecular-mass, heat shock
protein complex in soybeaflant Physiol, 108 693-701.

was omitted. Reactions were incubated at 30°C and, at various times, Kolb,V.A., Makeyev,E.V. and Spirin,A.S. (1994) Folding of firefly

aliquots were withdrawn, diluted 500-fold into 25 mM HEPES (pH 7.5)

luciferase during translation in a cell free systeBMBO J, 13

and measured for luciferase activity using the Promega luciferase assay 3g31_3637.

system in a Beckman LS 6000IC scintillation counter. The presence of
equal amounts of luciferase in various refolding reactions was verified
by Western blot analysis using an antibody specific for luciferase
(Promega Corp.) (not shown).
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